Measurable electrical signal is generated when a gas flows over a variety of solids, including doped semiconductors, even at the modest speed of a few meters per second. The underlying mechanism is an interesting interplay of Bernoulli's principle and the Seebeck effect. The electrical signal depends on the square of Mach number (M) and is proportional to the Seebeck coefficient (S) of the solids. Here we present experimental estimate of the response time of the signal rise and fall process, i.e. how fast the semiconductor materials respond to a steady flow as soon as it is set on or off. A theoretical model is also presented to understand the process and the dependence of the response time on the nature and physical dimensions of the semiconductor material used and they are compared with the experimental observations.
Introduction
The recent finding on the phenomenon of flow induced voltage generation on semiconductors [1] is an interesting observation in terms of basic physics and its potential applications. It was reported that a gas flow at modest speed of few meters per second over a variety of solids generates finite voltages across the solid sample. These classes of solids include single and multiwalled carbon nanotubes, graphite and doped semiconductors. The underlying mechanism is a nice interplay of Bernoulli's principle and the Seebeck effect.
When a steady flow passes over an inclined surface, the flow velocity (υ(x)) along with the length (x) on the surface measured from the leading edge varies as a power-law in x, υ(x) ∼ x m , where the index m depends upon the angle (θ) of inclination (for θ = 45 • , m = 1/3) [2] . The velocity difference between the leading edge and the rare end on the solid surface produces a pressure difference ( P) due to Bernoulli's principle. Pressure difference along a streamline over an inclined plane gives rise to temperature differences ( T) across the sample due to the equation of state in incompressible gases ( P/P = T/T, P and T being the absolute pressure and temperature, respectively). This temperature difference produces a finite voltage (V) due to Seebeck effect, V = S T, S being the difference in the Seebeck coefficients of the semiconductor and the metal with which the electrical contacts are made. The electrical signal depends on the Mach number M as V ∼ M 2 , where M = u/c s , u is the gas flow velocity and c s is the sound velocity in the gas.
In the present work, we report the measurement on the response time of the flow induced signal generated across the semiconductor materials to a steady flow. The response time is a measure of the promptness of the flow induced signal to follow the onset or offset of the steady flow. This is an important parameter in terms of the flow-sensor design. Here, we present an estimate for the response time and its dependence on the geometry and material property of the semiconductor used, followed by a theoretical understanding of the process. 
Experimental details and results
The experimental setup [ Fig. 1 )), e.g. n-type Germanium (Ge) (6 mm × 3 mm × 1.2 mm, conductivity σ = 10/ -cm, S = −548μV/K), n-type Silicon (Si) (6 mm × 3 mm × 0.6 mm, σ = 100/ -cm, S = −450μV/K) and n-type Bismuth Tellunde (nBi 2 Te 3 , σ = 1000/ -cm, S = −190μV/K) (area 5 mm × 4 mm) samples of three different thicknesses (l = 0.95, 1.2 and 1.5 mm). In these sets of experiments, only n-type semiconductors are chosen but the flow induced electrical signal generation is observed both on n-type and p-type semiconductors and are reported in Ref. [1] .
The mechanical shutter sets the flow on and off when required. The rise and the fall of the signal voltage is measured with time as soon as the flow is set on and off, respectively. Typical data obtained from the experiment on a Bi 2 Te 3 sample is shown in Fig. 2 (for rise) and Fig. 3 (for fall).
Theoretical model
The theoretical understanding behind the growth and the decay process of the signal voltage is due the heat conduction from the gas to the solid. Fig. 4 shows the schematic of the flow and temperature profile on the semiconductor when the flow is set on. The temperature (T) of the flow in steady state near point A and B are given by T F A (υ A ) and T F B (υ B ), respectively. Area 'a' on the top surface is the region where the electrical contact is made and is assumed to be same for the contact at both ends A and B. The thickness of the semiconducting material is l. When the flow is set on, the solid comes in contact with the temperature gradient generated in the flow due to the velocity gradient (υ(x)) and the gas acts as a temperature bath for the solid. The temperature in the solid rises and comes in equilibrium with the flow temperature. As the Seebeck voltage is generated due to the temperature difference ( T) at two ends of the solid, the follow- ing model only takes into account the temperature rise process at two ends of the solid.
The temperature (T) inside the material at end A and B varies with time (t) and they are given by T S
A (t) and T S B (t), respectively. T S A (t) is given by the heat conduction equation
where ρla is the mass of the material at end A, ρ is the density of the material, C is the specific heat of the material, λ is the thermal conductivity of the solid, κ 1 is the coupling factor which takes care of the fact that a certain fraction of the heat that enters into the material is used for the temperature increase and the remaining part is diffused over the rest of the solid. For a small temperature gradient across the gas and the solid interface, it is assumed to be linear as
with this assumption Eq. (1) simplifies into
where h is the thermal diffusivity of the material (h = λ/ρc). 
hence, the Seebeck voltage developed across the material is
where k is a coupling factor which depends upon the specific interaction between the flow and the solid surface [1, 3] ; V 0 , the steady state response voltage of the sensor is kS[T F A (υ A ) − T F B (υ B )] and τ 1 = l 2 /hκ 1 is the time constant of the exponential rise process. τ 1 is considered as the response time of the process (rise time). The first order exponential rise function Eq. (7) is fitted to each set of data recorded at different flow velocities in Fig. 2 .
Similar treatment is done for the fall in signal voltage when the steady flow velocity is set off. Fig. 5 shows the temperature profile on the semiconductor when the flow is set off. The temperature on the surface of the solid comes to the ambient temperature and the solid loses excess heat to the ambience. With an assumption similar to Eq. (2) the heat conduction equation is written as
where κ 2 is a coupling factor similar to κ 1 . The solution to Eq. (8) with the necessary initial condition T S
Hence, the Seebeck voltage developed across the solid is given by
τ 2 = l 2 /hκ 2 is a quantity similar to τ 1 and is considered as the response time of the process (fall time).
Conclusions
Measurements are done for the rise time on n-Ge, n-Si, nBi 2 Te 3 and for the fall time on n-Bi 2 Te 3 of three different thicknesses. Fig. 6 shows the values of the rise time and fall time for different materials used at different flow velocities. In Fig. 2 and Fig. 3 , the inset shows the parameter V 0 obtained from (Fig. 7) and the linear dependence is evident. The agreement between the experimental results and the theory outlined above gives an understanding of the temperature, hence signal rise and fall process across the semiconductor material. It also gives an estimate for the response timescale of the materials. The rise and the fall processes are first order exponential processes. The theoretical model predicts that the response time is inversely proportional to the thermal diffusivity (h) of the material. The rise time for a given material is always less than the fall time. Thickness of the material has a crucial role in determining the response time and the dependence is shown in Fig. 7 which is also supported by the theoretical model.
